Background/Aims: Caffeic acid (CA) is known to possess multiple biological activities including anti-cancer activities. However, the molecular mechanisms underlying these activities in nonsmall-cell lung cancer (NSCLC) cells are not fully understood. We attempted to clarify whether CA could enhance paclitaxel (PTX)-induced cytotoxicity in H1299 cells. Methods: First, we tested the cytotoxic effects in both H1299 cells and normal human Bease-2b cells by cell proliferation experiments. Next, we use Annexin V/propidium iodide apoptosis analysis and flow cytometric analysis to investigate apoptosis and cell cycle arrest under the treatments mentioned above. To further pinpoint changes in apoptosis, we tested the caspase-associated apoptotic pathway, which involves the activities of caspase-3 and caspase-9. Moreover, apoptosis-related proteins and MAPK pathway proteins were examined by western blot. An H1299 xenograft nude mice model was used to further evaluate the tumor-suppressing effects of CA and PTX in vivo. Results: Combination treatment with low-dose CA and PTX decreased the proliferation of NSCLC H1299 cells but not normal Beas-2b cells. Flow cytometry showed that H1299 cells were arrested in the sub-G1 phase and apoptosis was significantly increased in H1299 cells after CA treatment. Caspase-3 and caspase-9 activities were both increased after CA treatment. Furthermore, CA increased the PTX-induced activation of Bax, Bid, and downstream cleaved PARP, and phosphorylation of extracellular signal regulated kinase1/2 and c-Jun NH2-terminal protein kinase1/2. An in vivo tumor-suppression assay demonstrated that CA and PTX combined treatment exerted a more effective suppressive effect on tumor
Introduction
Lung cancer is the leading cause of cancer-related deaths in men over40 years old and women over 60 years old around the world [1] . It is estimated that about 1.8 million new lung cancer cases and 1.6 million lung cancer deaths occurred worldwide in 2012, which accounted for about 19% of all cancer deaths [2, 3] . Non-small cell lung cancer (NSCLC) accounts for more than 85% of all lung cancers, and about 60% of NSCLC patients present with advanced-stage disease at the time of diagnosis [4] . Chemotherapy for NSCLC is unsatisfactory due to drug resistance and adverse effects and contributes little to survival [5] . For example, tumor cells that survive apoptosis induced by the first-line anti-cancer drug paclitaxel (PTX) may become more drug-resistant [6, 7] .
Caffeic acid (3, 4-dihydroxycinnamic acid, CA) is a natural phenolic acid present in many plants, fruits, vegetables, and teas. CA has been well-studied for its bioactive activities such as anti-oxidative and anti-inflammatory properties in many diseases. Treatment with CA has been proved to attenuate stress-induced insulin resistance by reducing inflammation [8] . CA can repress interleukin 6 (IL-6) and tumor necrosis factor αto alleviate inflammation responses by blocking the phosphorylation of IκB and IκBkinase in rheumatoid arthritis-derived fibroblast-like synoviocytes [9] . CA acts as an antioxidant through an iron chelating mechanism to prevent the formation of free hydroxyl radicals and inhibit Fentoninduced oxidative damage [10] . CA can also inhibit oxidative stress mediated by exposure to UVB and DNA damage in human lymphocytes [11] . It has also been reported to have immunomodulatory and anti-cancer functions in human metastatic cervical carcinoma, ovarian carcinoma, and fibrosarcoma [12] [13] [14] [15] [16] .
To determine the potential therapeutic efficacy and underlying mechanisms of CA in combination with PTX for the treatment of NSCLC, we used both H1299 cells and a xenograft mouse model in this study because a previous study had shown the protective effect of CA on PTX-induced cell death in NSCLC A549 cells through the NF-κB signaling pathway [17] . It was found in the previous study that high-dose CA (600 μM) significantly induces apoptosis in A549 and H1299 cells and plays a potential role in modulating and enhancing PTX-induced apoptosis of NSCLC cells both in vivo and in vitro through the MAPK pathway.
Materials and Methods

Cell culture and reagents
Human bronchial epithelial cells (Beas-2b) and NSCLC H1299 cells were purchased from the Institute of Biochemistry and Cell Biology of the Chinese Academy of Sciences. Cells were cultured in DMEM supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin, and 100 μg/mL streptomycin under standard culture conditions (5% CO 2 at 37°C). FITC-Annexin V/propidium iodide (PI) apoptosis detection kits and Matrigel were purchased from BD Biosciences (Franklin Lakes, NJ). The Caspase-Glo® 3/7 and Caspase-Glo® 9 Assay System were purchased from Promega Corporation (Madison, WI). Caffeic acid (3, 4-dihydroxycinnamic acid, CA) and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (St Louis, MO). CA was dissolved in DMSO and the final dose of DMSO for all treatments was consistently <0.1%. All antibodies used in this study were purchased from Cell Signaling Technology (Danvers, MA).
Annexin V/PI double staining H1299 cells were seeded into 6-well plates and incubated with different doses of CA and PTX for 24-h. Cells were harvested after treatment, washed twice with cold PBS, re-suspended in 1×binding buffer, and then stained with 5 μL of Annexin V and 5 μL of PI solution at room temperature in the dark. After a 15-min incubation, 400 μL 1×binding buffer was added and the cells were analyzed by flow cytometry (Calibur, BD Bioscience).
Western blot assay H1299 cells were seeded into 6-well plates and incubated with DMSO control and different concentrations of CA and PTX for 24h. Proteins were extracted in RIPA buffer and immunoblotting analysis was performed. Briefly, protein samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride membranes. The membrane was blocked with 5%bovine serum albumin in TBST for 2h at room temperature and incubated with primary antibody solution in 4°C overnight. After washing, the HRP-conjugated secondary antibody was incubated with the membrane and Tris-buffered saline with Tween 20 (TBST) at room temperature for another 1h. After washing three times, the secondary antibody was detected using ECL Plus and the band was detected using anenhanced chemiluminescence kit.
Animals and xenografts
Female nude mice aged 5 weeks were acclimated for 7 days before use. Xenograft models were established by subcutaneous injections of H1299 cells (5×10
6
) suspended in Matrigel, and the behavior and growth of tumors among the mice were observed daily. Mice bearing evident tumors were chosen and divided into four groups: a PBS group, a PTX (10 mg/kg) group, a CA (20 mg/kg) group, and a CA (20 mg/ kg) +PTX (10 mg/kg) group. CA and PTX were dissolved in PBS for intraperitoneal administration to the mice every two days for two weeks. Tumor size was measured with calipers, and the tumor volume was calculated as V = 1/2 × (length × width 
Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry
Statistical analysis
All quantitative data are expressed as the mean ± SD as indicated. In all experiments, the Student's t test or one-way analysis of variance was used for statistical analysis using GraphPad Prism software (GraphPad Software Inc., La Jolla, CA). A P-value of <0.05 was considered a statistically significant result.
Results
The cytotoxic effects of CA alone or CA+PTX on H1299 cells
The chemical structures of CA and PTX are shown in Fig. 1A . The cytotoxic effects of CA on H1299 and Beas-2b cells were compared and analyzed. The results of 24-h treatments showed that CA was more cytotoxic in H1299 cells than in normal human Beas-2b cells (Fig.  1B) . In addition, the cytotoxic effect of CA on H1299 cells increased in a time-dependent manner as observed at 6 h, 12 h, 24 h, and 48h (Fig. 1C) . To evaluate the synergistic effect of CA and PTX, H1299 cells were subjected to CA+PTX treatment. Compared with PTX treatment alone, 100 μM CA significantly enhanced the PTX-induced inhibitory effect on the proliferation of H1299 cells (Fig. 1D ), demonstrating that CA had a synergistic effect on PTXinduced anti-proliferation in H1299 cells. 
CA induces apoptosis in H1299 cells
Annexin V/PI apoptosis analysis showed that CA induced significant apoptosis in H1299 cells, especially when the dose was increased to over 500 μM. After CA+PTX combined treatment for 24h, the percentage of apoptotic cells was increased significantly: 6.5% at 100 μM CA, 83% at 600 μM CA, 27.9% at 10 μM PTX, and 96% at 10 μM PTX+600 μM CA(compared with 8.9% in the control group; Fig. 2 ). These results suggest that CA not only induced apoptosis of H1299 cells in a dose-dependent manner but also exhibited a strong synergistic effect when combined with PTX.
CA induces sub-G1 cell cycle arrest in H1299 cells
Flow cytometric analysis showed that CA treatment increased the population of cells in sub-G1 phase in H1299 cells and reduced the population of cells in G1 and G2/M phases (Fig. 3) , suggesting that CA induced sub-G1 cell cycle arrest in H1299 cells. On the other hand, compared with PTX treatment alone, CA+PTX treatment induced G1 cell cycle arrest and reduced the number of cells in G2/M phase in H1299 cells.
CAinduces activation of caspase-3 and caspase-9 in H1299 cells
Caspase-3 and caspase-9 activities assays were performed by Caspase-Glo® 3/7and Caspase-Glo® 9 assay systems. As shown in Fig. 4 , caspase-3 activity was elevated by 4.0-foldin cells treated with 600 μM CA, and 7.3-fold in cells treated with CA+PTX, while caspase-9 activity was elevated by 2.2-foldin cells treated with 600 μM CA, and 3.1-fold in cells treated with CA+PTX. The results imply that a high dose of CA can induce the activation of caspase, and activation of the caspase-involved apoptotic pathway is one of the major mechanisms underlying the synergistic effect mediated by CA on PTX-treated H1299 cells.
CA induces apoptosis in H1299 cells by regulating the expression of pro-and anti-apoptotic genes
To elucidate whether the regulation of BCL-2 family proteins was involved in CA-induced apoptosis, we further studied the expression profiles of pro-apoptotic proteins (cleaved-PARP, Bid and Bax) and anti-apoptotic proteins (Bcl-2 and Bcl-xL) in H1299 cells treated with CA alone or CA+PTX for 24h. As shown in Fig. 5A , cleaved-PARP, Bax, and Bid were increased in a dose-dependent manner and CA and PTX combined reduced the expression levels of these proteins. On the contrary, the expression levels of both Bcl-2 and Bcl-xL in H1299 cells were reduced when they were incubated with different concentrations of CA+PTX. The expression levels of Bcl-2 and Bcl-xl in H1299 cells decreased by 4-to 6-fold after treatment with 600 μM CA+10 μM PTX compared with the control, respectively. These changes in the expression of pro-and anti-apoptotic genes suggested that CA alone and CA+PTX induced apoptosis inH1299 cells by activating genes involved in the intrinsic apoptotic pathway.
Knowing that MAPK signaling pathway plays an important role in chemotherapeutic drugs by regulating apoptosis in cancer cells [20] , we subsequently explored whether the MAPK pathway was involved in CA-induced apoptotic progress by examining the activation status of ERK1/2, P38mapk,and JNK. As shown in Fig. 5B , CA increased the phosphorylated form of ERK1/2 and JNK of H1299 cells, especially in the 600 μM group, indicating that the MAPK signaling pathway was activated in H1299 cells. We also noticed that the phosphorylation levels of both ERK1/2 and JNK were substantially heightened with combined CA and PTX treatment compared to either CA or PTX alone; however, the phosphorylated form of p38 was unchanged. These results showed that ERK1/2 and JNK may play more important roles than p38 in the CAinduced synergistic effect on PTX-treated H1299 cells.
CA treatment retards the growth of H1299 xenografts in nude mice
To further evaluate the tumor-suppressing effect of CA in vivo, a tumorigenicity model of H1299 cells in nude mice was established. Twenty-four mice were randomly allocated into four groups of equal size. As shown in Fig. 6A , either CA or PTX treatment alone inhibited the growth of xenograft tumors. Intraperitoneal administration of CA (20 mg/ kg) for three weeks reduced the tumor volume by 55%, and this figure increased to 80% 
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Cellular Physiology and Biochemistry when 20 mg/kg CA and 10 mg/kg PTX were administered concomitantly. These results suggest that CA treatment retarded the growth of H1299 xenografts, and the combined CA+PTX treatment exerted an even stronger anti-tumor effect on H1299 cells in vivo. Furthermore, there were no significant differences in body weight (Table 1) , blood urea nitrogen (BUN), serum alanine transaminase (ALT), aspartate transaminase (AST), or creatinine (Cr) between mice treated with CA alone, PTX alone, or CA+PTX (Fig. 6) , suggesting that neither renal toxicity nor hepatotoxicity was induced by the indicated doses of CA or PTX under in vivo conditions. Proliferating cell nuclear antigen (PCNA) is a proliferation marker required for DNA replication and cell-cycle progression [21] . As shown in Fig. 7 , the IHC positive expression of PCNA was remarkably decreased after CA or PTX treatment, especially when the treatments were combined. We also found that the expression levels of p-JNK and p-ERK were increased significantly in the CA+PTX group compared with the control group, which is consistent with the results of western blot in H1299 cells. These results implied that tumor cell proliferation was reduced significantly after combined treatment with CA+PTX as indicated by PCNA and this correlated negatively with phosphor-JNK and phosphor-ERK expression.
Discussion
Ample research-based evidence has demonstrated that coffee consumption is closely related to a decreased risk of developing malignant tumors including oral and pharyngeal cancer, liver cancer, endometrial cancer, and colorectal cancer [22] [23] [24] [25] . CA is the major phenolic compound in coffee and is one of the most abundant phenolic acids. It is commonly found in various foods such as apples, blueberries, and especially in coffee [10] . Studies have shown that CA has various pharmacological activities, including anti-inflammatory, antioxidant, and immunomodulatory activities [7] [8] [9] . CA also exhibits an anti-cancer effect against human cervical carcinoma, head and neck squamous carcinoma, colon cancer, and renal carcinoma [12] [13] [14] 26] . A previous study showed that CA promoted NSCLC A549 cell proliferation and enhanced PTX-induced proliferation inA549 cells [17] , suggesting that it has the potential to facilitate A549 growth through the p53 pathway and enhance the protective effect of PTX. However, the in vivo and in vitro effects on p53 deficiency cell line H1299 and the molecular mechanisms remain unclear. We found that CA+PTX produced a synergistic anticancer effect in NSCLC H1299 cancer cells by inducing cell apoptosis, probably via the MAPK pathway.
In this study, we tested the effect of CA on PTX-treated NSCLC H1299 cells using MTT and Annexin V-FITC/PI double staining assays and found that CA inhibited the growth and proliferation of H1299 cells in a dose-dependent manner, which is consistent with studies in other cancer cells [12] [13] [14] [15] . However, we found that the effective concentration of CA in H1299 cells should be no lower than 500 μM. Although this dosage is higher than that used in other cancer cell lines, it showed no significant toxic effects on normal Beas-2b cells, implying that this high dose of CA can be used safely. In addition, low-dose CA (100 μM) enhanced the PTX-induced anti-proliferation in H1299 cells. On the other hand, CA alone induced significant apoptosis inH1299 cells and also substantially increased PTX-induced apoptosis in H1299 cells, as shown by Annexin V/PI double staining. Flow cytometric analysis showed that H1299 cells were arrested in sub-G1 phase under CA treatment, and the combined use 
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Cellular Physiology and Biochemistry of the two chemicals effectively reduced tumor growth in H1299 xenograft mice without obvious toxicity in the animals. Based on the antitumor activity profiles of combined CA+PTX treatment both in vivo and in vitro, we believe that CA has a strong anti-cancer effect in NSCLC H1299 cells and possesses a synergistic value when used in combination with PTX in H1299 cells. The Bcl-2 family is known as a caretaker of cell fate [27] and consists of members that either promote apoptosis (Bax and Bid) or inhibit it (Bcl-2 and Bcl-xL) [28] [29] [30] . In the present work, we showed that Bax, Bid, and cleaved PARP protein were increased and both Bcl-2 and Bcl-xL expression were decreased in a dose-dependent manner after CA treatment. These findings are consistent with the results of the cell apoptosis assay. Previous studies [31] [32] [33] suggested that MAPKs can be induced by various compounds and are involved in cell death in NSCLC cells. The MAPK family includes three kinase members including JNK/stress activated protein kinases, P38mapk, and ERK [34] . These previous findings tempted us to ask whether the tumor-suppressing effect of CA relied on the presence of the MAPK signaling system in H1299 cells. To answer this question, we further investigated the activation of the MAPK family proteins in CA-treated H1299 cells. The results showed that MAPKs including phosphorylation of ERK1/2, P38mapk, and JNK1/2 were activated in CA-treated H1299 cells in a dose-dependent manner, implying that activation of the MAPK pathway was involved in the CA-induced apoptosis in H1299 cells. Further experiments with pre-treatment of MAPK inhibitors in NSCLC H1299 cells are needed.
Taken together, our study clearly demonstrated that treatment with a high-concentration of CA alone or low-dose CA plus PTX had a strong inhibitory effect on the growth of NSCLC H1299 cells and induced apoptosis both in vivo and in vitro, probably through the MAPK signaling pathway and caspases. Our findings suggest that CA is a promising compound that should be further investigated in combination with more anti-cancer chemotherapy drugs for the treatment of NSCLC.
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